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SCATTERING FROM A VEGETATION LAYER WITH AN
IRREGULAR VEGETATION SOIL BOUNDARY

INTRODUCTION

This research report presents a theory for analyzing the nature
PURPOSE of radar wave scattering from certain types of vegetation. The

vegetation is simulated by a continuous random medium, and use
is made of a first-order renormalization technique to calculate the radar backscatter
coefficient. The influence of an irregular vegetation soil interface has also been con-
sidered, using a non-oherent approach.

In a previous report.,1 a derivation -was presented of the radar back-
BACKGROUND scatter coefficient from a half space of random medium using a

first-order renormalization solution for the scattered wave and an
isotropic correlation function for the random dielectric fluctuations. Recently, Fung
solved the problem of scattering from a vegetation layer by using a scalar first-order
renormalization approach. 2 In his solution, however, he did not consider the existance
of a rough vegetation soil boundary. He did consider an anisotropic correlation func-
tion in which the horizontal variation is different from the vertical.

Tsang and Kong solved the problem of volume scattering from a half space random
medium that contains lateral and vertical fluctuations. 3 A radiativ transfer approach
was used to calculate the backscattering cross sections up to secor. . order in approx-
imation. This enabled the cross polarized terms to be obtained.

There are two important practical applications for developing and analyzing various
radar scattering theories. The first application is radar image simulation of terrain
features. In this problem, the radar system parameters and terrain parameters are
known and used to calculate a radar response in the form of a gray tone or density.

IR.A. Hevenor, Backscatterlng of Radar '..ds By Vegetated Terrain, US. Aimy Engineer Topographic Labors-

tories, Fort Belvoir, VA. ETL-0105, June 1977, AD-A047 669.
2 A.K. Fung, "Scattering From a Vegetation Layer," IEEE Transactions on Geoscience Electronics, Vol. GE-17,
No. 1, January 1979.

3 L. Tsan" awn J.A. Kong, "Radiative Transfer Theory for Active Remote Senfsin of Half Space Random Media,"
Radio Sciene, Vol. 13, No. 5, September-October 1978.
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The scattering theories can be used to compute the radair backscatter coefficient,
which in turn is used to calculate gray tone. Using scattering theories in this type of
application is straightforward, even though a solution for any one particular scattering
problem may be extremely complicated.

The second application is in the field of remote sensing of terrain in which the sensor
responses must be used to determine various terrain parameters. Using scattering
theories for this application is not straightforward.

However, there are two important uses of scattering theories that bear directly on
remote sensing. The first use is a parameter sensitivity study. The theory can be used to
analyze the influence of various vegetation, terrain, and radar parameters upon the
sensor response. Such parameters as surface roughness, soil moisture, vegetation height,
and density could be varied one at a time to determine the influence on the sensor
response. This type of analysis should lead to determining what radar parameters are
most sensitive to certain tterrain parameter changes. This type of analysis assumes the
existance of scattering theories that halve been developed and compared with existing
experimental data.

The second use is to analyze the radar response for two different types of terrain
features to see if the two features could be distinguished from each other on an image.
Once again, this would assume the existance of scattering theories that have been
developed and tested against experimental data. These applications provide the in-
centive for developing, analyzing, and testing various scattering theories.

ýn this report, the geometry of the scattering problem to be solved and the basic
technique used for the solution will be discussed. In the analysis section, the derivation
of the necessary equations will be provided. In the results section, the resulting theory
will be compared with existing experimental data, and a study on the sensitivity of the
input parameters will be provided.

In this report, the rationalized MKCS system of units is used. A line under a symbol
will be used to represent a vector quantity. A double line under a symbol will be used
to represent a dyadic. A list of the most important symbols is provided at the end of
this report.



In figure 1, the scattering geometry of the vegetation problem Is shown. A plane wave
with a time harmonic of exp (Jwt) is incident from free spute at an Anwle 01 onto a
layer of vegetation. The mean thickness of the vogetation is L. The vegetation soil
boundary is considered to be randoraly rough according to the tangent plane approx-
imation. The vegetation is simulated by a continuous random medium in which e (1)
and a (.1) represent the three-dimensional random dielectric and conductivity fluc-
tuations, respectively. These fluctuations consist of the sum of an average and a flue-
tuating component. The standard deviations of the fluctuations arr represented by -qt
and 172. The angle of refraction of the mean wave in the random medium is 80.

z

Air (1)
Vegetation 

•.. 
' •,

e Ca olea +Q i e2 ( r)]
O S2_ ) .- k + 1?2 V'( _r!

L

(2)

Soil (3)

83 ~k3 03 J*-

FIGURE 1. Scattering Geometry.
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The soil below the vegetation represented by medium 3 is assumed homogeneous
with a complex propagation constant k3. The magnetic permeability for all three
media is ass.,med to be that of free space. The electric field (_) incident onto the
vegetation layer can be written as follows:

91 = alax + a4a2 + a3a-14eiJko(xsin01"zco9si)

where ia., a, and at are unit vectors in the x, y, and z directions, respectively.
The constants a,, a2 , and &3 are arbitrary, allowing for the consideration of both
horizontal and vertical polarizations. A first-order renormalization method will be used
to calculate the mean and scattered waves in the random medium. A solution will be
developed fist for the case where the vegetation soil boundary is a plane interface.
The irregular boundary will be considered in a noncoherent manner afterwards. The
dielectric and conductivity fluctuation terms ( e' ( _r ) ind o' (r) are considered as
being generated by statistically homogeneous random processes. The means and
correlation functions of the random processes are defined as follows:

<C'(!)> = <o'(r)>= 0

<e'Z~e(_r)>= <•o'(_r)u'(r'):> = e 1" Ix''IIbe'Iy-'ItI~y 'Iz'z'I/Qz*

Swhere R.,, 9., and R, are the correlation distances in the x, y, and z directions,
respectively. ihe correlation functions have been chosen to be anisotropic. This re-
presentation, with unequal correlation distances, is believed to be closer to reality than

an isotropic correlation function. This is because the size of vegetation scatterers in
a horizontal plane is not the same as the size of the scatterers in a vertical plane. The
mean wave in the random medium is determined from the bilocal approximation of
the Dyson's equation:

[VxVx - k4 < E_(1)> - < )()> <9(f)> 0'(,') ' 0

where <E (.)> is the mean wave in the random medium.

7



S(I) .-jWeUoa0 ' (L) + w mo2 e0' (L).

k,2 = -jWgA 0 a + W2
0oe0oea.

'(.1, r' ) is the dyadic Green's function.

V' is the volume of the random medium.

In the next section, plane wave solutions will be sought to the Dyson equation using an
infinite space dyadic Green's function. It should be noted that the mean wave is
located in the integrand, making any solution very difficult. Once the mean wave has
been calculated and the appropriate boundary conditions have been matched for the
mean waves in all three media, then the scattered wave in the vegetation layer can be

calculated from the following equation:

[Vx Vx - k2l ) = (r) <§ _(_)>

where E (r ) is the scattered wave.

The mean wave acts as a source term for the scattered wave, which will be computed
iusing a Fourier transform technique. This in turn will enable the scattered waves
in air to be determined. The necessary boundary conditions will be matched, and the
backscatter coefficient will be calculated for horizontal and vertical polarizations.
The influence of the rough boundary between the vegetation and the soil will be con-
sidered apart from the volume scattering solution, using the tangent plane method. The
backscatter coefficient for rough surface scattering will be modified by the attenuation
through the vegetation. This result will then be added to the volume scattering solution
to obtain a final answer for the backscatter coefficient. An elementary permittivity
model will be developed that will relate certain parameters of the random media to
the parameters of actual vegetation. A discussion of results section will follow in which
the theoretical results are compared with actual experimental data. Also, a parameter
sensitivity study will be conducted on the theory to determine the influence of various
parameter changes upon the final result.

8
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ANALYSIS

In this section, the necessary mathematical derivations will be provided to enable
a scattering model for vegetation to be obtained. First,a solution for the mean wave
%ill be presented and then the scattered wave will be -alculated.

MEAN WAVE The first step in obtaining a solution to the Dyson equation
SOLUTION is to write the dyadic Green's functio i;

E(£)= VV' l or•)(1)
- ~k2 -

a

where I is the unit dyadic, and G, (r, !') is the scalar Green's function that satisfies
the followi'.g equation:

(V 2 + k.)Go),G ( =1, (2)

The solution for equation (2) is usually expressed in terms of R = I- - Y' L How-
ever, this particular form is not useful when working with an anisotropic correlation
function that is expressed in rectangular coordinates. We shall therefore seek a solution
to (2) that uses rectangular coordinates. Let G. (_, f.' ) take the following form:

G. (r, -r' ) ( dk ý(

(2W) 3 f 0 (3)

where

k §x + k yay + kzaz

Substituting (3) into (2) results in a solution for Go (k).

"")= k- _ k2 1 k _ k (4)

a x y

t9



When (4) is placed in (3) and integration i3 performed in the complex k, plane,
G. (1,! becomes

- J i dkX dky

exp[jlkx(x-x')+k,(y-y')-k7' Iz-z' III (5)

k,' / k.2-k2 -k 2

Transforming (5) into polar form results in

" ~2vf

G. -s 1 dk f dO

exp jlk(x - x')cosO + k(y - y')sinO - /k[- 2z -zk

(6)

k =/k~x+ +k kx = kcosO ky ksinO

When (6) is used in (1), the dyadic Green's function becomes

" 27" k 2 -
f dk f dO ;k (k, 0)9(k, 0) /k-

(7)

exp[j lk(x-x')cos0 + k(y-y')sin0- V/"2-k2 Jz-z' Ii]

where

C (k,) 0 AX (kcoso) + ay (jksinO) + .af2(k)

B (k, 0) a.xl(-jkcosO) + ay(-jksin0) + 9z fI(k)

10
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VI j • when z >z'

f, (k)

-J.Ikc-Ic 2  when z<z'

and

k 2 when z > z'

f2 (k) =

j fTk- when z<z'

Plane wave solutions to the Dyson equation take the following form:

< E(I )>= Ae-J-c ¶L

The vector A can be obtained by matching boundary conditions. The mean wave
is seen to propagate with an effective propagation constant le) which must be deter-
mined. When the above equation is placed in the Dyson equation along with the dyadic
Green's function given by (7), the following equation is obtain when the cross corre-
lation terms between the dielectric and conductivity are ignored:

fVx Vx - k 2 •Ae-ito! 0 (8)

I2  "

S-I M (9)
-- k2 = (27r)3 -

- i<jr(iil-ko1)? f7or' j dk J dO
f 0 0

d(k)e-I x - x1 lxe-lYy 1/ye -IzI

+ eAke "(r-r) [ C(k, 0) B (k, 0) k 2 -i] exp [j k(x - x')cosO

+ k(y - y')sin0 - k-k 2 Iz -z' I }1 (10)

s:;7



d(k) =k Vk/ k-

The integral in r" is. allowed to be over A31 space. For the case where Rz is very small
this should be a good approximation except for the points extremely close to either
boundary. By carrying out the integration in -f, one obtains a result for MU that
represents the ijIth element of the dyadic •M.

Mij 4K9 x yz dk dod(k)f g(k)

0 0

[F1 (k, O)Flj(k, 0) + k2 6&1 + h(k) F2 1(k, O)F2 j(k, 0)

+ k2a5] / 0 1+x(kex+kcos0)2 ]

• +[ 2 + (ky + ksin0)2] 1 011)

where

-1 1 -'

g(k) = h(k) =

I1+ Q(k.+l k) jR (k.,.-.k2  - ) 1

F1 1 (k, 0) jkcos0 F 2 (k, 0) = jksin0 F 3 (k, 0) = 2-k2

F2 1 (k, 0) = jkcosO F2 2 (k, 0) = jksinO F2 3 (k, 0) -jk -k2

60 = I when i = j

6j = 0 when i *j

K= -j=r~nl2 - k 2 k2

12



The form of the incident wave dictates that k = 0 and kex = kosinO1 . This
result makes the following elements of the • dielectric tensor become equal to zero:

A4 A 4
E 1 2 =e 21 e23 e 32 0

The above result is easily shown by considering a traim'formation of (1!) back to
rectangular coor, naos and :.%cognizing that tae iniegrand is even in ky. Carrying
out the ndicaleo differentiation in equation (8) and writing the result in matrix
form produces

k2 - 2p 0 -kksin0 - k2g A eA"ek 0 1 1  0 0kk 0k 1 3  x

0 2 2 k~sino 2A^e J0e + -koe2 0 A e'k". = 0
(12)

ketkosin0i- k2o0 13 0 k2osin 2 i - k2oe33 A e'Jke "r

In forming the ahove matrix, use has been made of the fact that k. -= 0 and
kex = kosin6i. Now, only solutions for kez are needed. Two solutions can be
developed for k... one for a horizontally polarized wave and one for a vertically
polarized wave. For a horizontally polarized wave, one has Ax = AZ = 0 and
Ay * 0. The following equation can be used to determine ke for this case:

k 2 +k2SivO - k 2 2 " A e-ike ' = 0 (13)ke~z 0 k~~V 0- k22} Aye~k

Since the term outside the brackets is not zero, this means that the quantity inside the
brackets must be zero.

kez ±koyn2j- 2 (14)

The above result is not an explicit solution for k., since this quantity also appears
in the integral of M2 ,. A first approximation for k., can be obtained by letting

1 = 2 = 0. This represents the case where there are no random fluctuations at
all.

=O k- 'k- k'Sin26i

13



The above value can be used to compute M22 , which in turn can be used to cal-
c:-late a new value of k., that will be called kh. The minus sign on the square root
is chosen over the plus sign to consider waves propagating in the minus z direction.

kh k -k/sin20i- (15)

When computing kh in (15), the expression for k00) is used to calculate M2 2 .
It is interesting to see that even when k. is real, kh st,1U comes out complex so that
the mean wave decays as it propagates into the medium. This decay nas been explained
as resulting from multiple scattering. It is not clear, however, how much multiple
scattering is being considered. For a vertical polarized wave, A, 0 0, Ay 0,
and Az * 0. This leads to the following determinant:

k 2 _k 2g -k sinO.- k 2
CZ 0 1 0o o 13

=0

-k 0 k zsin& - 1 k2 (sin2 0 • 33)

The above determinant provides another solution for ke2 .

A3° /g2 Sin2° A 2o(e A ^2ai • %3+ 3
kCz = ko - 1 3 3 (9 1 1 sin I-f 1 1 C3 3  13 (16)

633

Once again a first approximation for k., can be obtained for the case where the
random dielectric and conductivity fluctuations disr.pear (n I = n2 = 0).

0) = -/k 2 -k Sin 20

This value for k,, can be used to calculate the elements of the dielectric tensor.
These elements are used in (16) to compute a new value for kez, which will be
called kv.

= ~ 2 -( 1 sinO j P-in O1  3 ( 1 si2 i ~ 3 + 1 3)k A- - 131--131
V O A

E 33

14

4. 4.
-__



The sign associated with the square root has been chosen as minus in order to consider
waves propagating in the minus z direction. The effective propagation constant for
the mean wave has been determined, and now the amplitude must be calculated
by matching appropriate boundary conditions. The total mean electric field in air
can be written as:

+1 a+a 3 ~J kozco&in~-11(r) {[a,#, + a2l.y + a3-a]i k*°

+ [Rlax + R 2 ay +R 3 _2 J e-,OkoaGI -

z > 0 (17)

The first bracketed term in (17) is the incident wave, and the second bracketed term
is the reflected wave. The unknowns in (17) are represented by RI, R2 , and R3 .
However, it will not be necessary to obtain an explicit solution for them since they
are not needed in determining the scattered waves. The total mean electric field in the
vegetation (E 2 (r)) can be written in the following form, using previous results:

T2 ayePlzeIqlz + (T a +T a )eP2Zedq2z + V a e'P2Ze'Jq2z

+ (Vlx +V 3 9x)e'P2ze Jq 2 z e'JkoxsinOi

-L z< (18)

where

P1 + jqj = -jkh

p1  = Im(kh) q = -Re(kh)

also

P2 + jq 2 = -jkV

P2 = Im(kV) q 2 = -Re(kV)

Is



In (18), both upward and downward waves have been considered. The unknowns
are represented by the amplitudes TI, T 2 , T3 , V1 , V2 , and V3 . An explicit
solution for each of these is required in terms of propagation constants, medium
characteristics, and layer thickness. The explicit solution is needed to compute the
scattered waves. An expression for the mean wave in the homogeneous soil medium
can be written as

-W# +÷w2 y P-w3 a ]•kxsin0iejk 3zC°s0 3

z -L (19)

In the soil, the mean wave propagates in the minus z direction and the constants
Wl, W2 , and W3 are the unknown amplitudes. Once again, no explicit solution
will be required for these amplitudes since they are not needed to compute the
scattered waves. To compute the six amplitudes of the mean wave in the vegetation,
the following boundary conditions are used:

E = E2  at z = 0

Ely = 2y at z = 0

ay az ay az

)El X aElz = E2 x aE2z

az ax 3z ax

E2x E3x at z = -L

E2y E3y at z = -L

312�  aE 2  E3z -E3 at z L
ay oz ay az

16



aE 2x 3F2 z aE3x 3E3z at z = -L
az ax az ax

D = D2 z at z = 0

D 2 z D3 z at z = - L

.D1  60 El

1P2 = vE2xx +ehE2y ay +YE20za

where

2 2

h = q p evaluated at 0 00

ev = q2 -W2A evaluated at 0i 00

1 _D3 - 3_E3

where C3 is the dielectric constant of the soil. Two divergence conditions will also
be used, along with the above boundary conditions.

V =0 and V . E3 = 0

When the equations for the mean fields given by (17) through (19) are placed in
the boundary conditions, the result is 12 equations and 12 unknowns. Explicit
solutions are only required for the six amplitudes associated with the mean wave in
the random medium. Solving for these six values yields the following results:

T _ 2jkoa1 2a2 cose1
T2  - a2 1 al 2 -a I a2 2  (20)

17



V 2_2jklaý11csG (21)
a21aI2-aI1a22

T - ikob, 2 1 2a, cose1+ smne(l -e./e,,)[a3 + atanO,1J (22)b21 b1 2-b1 1 b22

-jk b1 2acosO + Sin61(l -e,/c,)[a3 + al.tanO1])
b2 1 b1 2-b1 1 b2 2  (3

3eC. (eP2L,-iq2L-eP2L~iq2L
1  J 3kO0 3~0

e(T~eP2L.I-iq2L +V eP 2 LePlq2 L1 I e~P2Ldq2L

.[a 3 -tanO1 (TI .+V, - al)] (24)

V, e/e a - tanG1 (TI + V, -al)] -T (25)

The parameters us'-d iti the above equations are defined below:

a12 = OkcS q)pILý

a21  = jk cosLO;+ p I+jq1

a22 =jk~ccs 1j-p1 -jq1

b 'P2L -iq2Lp 2 j 2 )

=1 -,,P2Ldiq2L (p2 + jq2 +a)

18



b21  = P2 +Jq2 +Jko([cod +sia9i1tan=0(1-/ole,))

b2 2  = - fP 2 +Jj2 -jk0o[(c• +- Siftanm(l- CO/Cv)]

where

a = ifk 3 coS03 +ko'sin 2 Oi(l-e 3 /e,)/(k3 cOc 3 )}

Now that the mean waves have been fully determined, the scattered waves can be
calculated. The scattered waves in the upper medium (air) will then be used to com-
pute the backscatter coeffleient.

SCATTERED WAVE In the random medium, the scattered or incoherent
SOLUTION field is calculated from the following equation:

[VxVx - kQ]_ 0 (2 ) ( r (_!) <F(r)> (26)

For our problem, the mean wave <E ( L ) > is given by L2(E) as shown in (18).
A superscript 2 is used with -E (2)( I) to indicate clearly the scattered field in the
random medium. A solution for this scattered field can be obtained by using a two-
dimensional Fourier transform.

1 f ".L (27)

where

It = kx~A' + kyly it = xAx + yly

3(-kt, Z) = Gl~t )fx +Gsy(t, z)ZAy + G,3 (kt, z)12

When the complete expression for the mean wave in the random medium as given by
(18) is placed in (26), a term of the form t ( r ) exp(-jkoxsin81) on the right side
results. This term will b- written as a twodimensional Fourier transform.

1
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S(kt Iz) = &f t (.i )e'Jkoxain01eijkt ".t

t(r)e JkoxilnOj _ f s(k, z)ek-t *It (28)

When (27) and (28) are placed in (26) and the result is put in matrix form,

(k 2'- k2 - D2 ) -kxky jkxDR Ga{ fX (z)

Akk (k' -k,- DG) ik D = f(z), (2y)
Jk Dz jkyD (k' + kQ - ka Gm fa(z)

where D. represents the differential operator d/dz. The quantities on the right
side of (29) are defined below:

f(Z) = s(_, z)ITieP2a eq2z + V e'P2' e Jq2zI

fy(z) S(ktz)[T 2 ePlz ejqlz + V2 e'pIz eiJPl z

f(z ) s(kt, z)[T 3 eP2' eJq2z + V3 eP2a e-Jq2].

Solutions for the quantities GSX , Gy. and Gs. can be obtained by solving the three
differential equations in (29) using the method of variation of parameters.

A1 kl + j Aekz + j' 2  [L f(Z)ejk~z
Gx(_kt, z) = Ale-Jz + A2e', + 2akdk

e -z 2jk'k[2 flz)eJkzld (30)
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Gaykt, z) Ble +Bk a t '- Zk k2 h(z)eku' 'd

"e [ h(z)e'Jk dz jk;z
2jklkk 42 (31)

G 3*(i Z) (k1A 1 +kka, (k A2  + ,k 12 )

2,_,,Z k : L k , Rz)- k h(z)Ie1 zdz
e j k' -J •

+ 2 fo) -kf ) h(z) - k h dz -• It.?

Sa .L (32)

z k - x y

/, ffz ) = f1 (z)[k: -ka1] - k•,kxfy(Z) +Jk1 Dzf(z()

k (k'-0)2 2)f
h( z) - f (z) - (k y - ky)f (z) -jk 7 D f.(Z)

+ -kL- (k'+k'-k2)fx(z)
kx

The quantities A,, A2 , BI, and B2 are not functions of z and at present, are
unknown. Although the solutions for G 1,, GSY, and G,1 are rather formidable in
appearance, it will be found after some mathematical manipulations that a solution
will emerge. The three components of the scattered electric field in the upper medium
(z > 0) can be written in the following form:
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E(1 ) ( r f ,dktAx(k,."'x + kyy -,kIA)
(2I) (0 (33)

= ~kx + ky - k 3 z)

E>(1)() - , f4 ,rA(•,•kt ,,,k.•(

U'' (- 7) .,t(t (35)

where

k ~ ~ k' 1
0 x y

The parameter kj 3  wr )btained by taking any one of the field components given
above and putting it i the free space scalar wave equation. The superscript 1 is
used to refer to the fieli the upper medium, which is air. Therefore, E()(L) would
indicate the x component of the scattered electric field in air. The components of the
scattered electric field in the soil (z < - L) can be written as follows:

E(3)(rL) = fgdkt(k)ej(kxx + kyy + k 3 zz)Eax
(2w)2 (36)

E( 3 () f.tC(kt)e(IxX + kyy + k 3 zz)(2,)2w)' (37)

E( 3)(f r+ ) k

IZ (22w) 2  (38)

where

ks.2 = /k 2- -k2
k3 3 _ y

The superscript 3 refers to the computation of the scattered fields in the soil. The
expression for k3. is obtained by putting any one of the field components into the
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scalar wave equation, which has a propagation constant k 3. The unknowns associated
with the scattered waves are represented by AX, AY, Az, A,, A2 , B1 , B2 , Cx, Cy,
and C.. The only unknowns for which an explicit solution is needed are Ax, AY,
and A.. Since the only interest is in computing the backscattered far field in air,
complete solutio ns for the scattered fields in the other mediums are not needed. The
boundary conditions that the scattered waves must satisfy are provided below:

E(1) = E(2) at z = 0AX 5X

E(1) = E(2) at z = 0

E•) a.E(I) aE(2) aE(2)sz .- - 8sz - Y at z = 0
ay az ay az

3)E(l) aE(1) aE(2) aE(2)
sX Sz 3X 3z

- at z = 0
az ax az ax

E(2) = (3 -L

E(2)= E( 3 ) atz L
By sy

3aE(2) aE (2) aE(3) 3E(3)

S- s = - - - l- at z = - L
ay az ay az

aE(2) aE(2) 0aE3) aE(3)
S - ._._ &Z x -- &-- at z = -L

az ax &z ax

The boundary conditions given above, along .Aith the divergence equations in the
two homogeneous media allow ten independent eq lations to be formulated.

kxAX + kYAy= k1 ZAZ (39)
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kxCx + kyCy -k 3 zCz (40)

Ax=Al + A2 + I f(Z)[ejkZ2 -eJk i (41)
2jk'k:2  J4i~

12
1 2 -ýJk f(42)

Cx ~j32L JAIe L + A2e jk ZLf (43)

-Y JB BizL + B2eikZL (44)

jk YAZ +ijk1 zAy = kyG.z (kt P 0) aG~y z (45)az z

k A+ A az +k szto (46)

aGa

= k ek3L-jk C ejk 3 zL (47)

azx jjxs kV-L k 3 zCxeik 3z L -jkxCze *ik 3 zL (48)

A solution for AX, Ay , and Az using the above equations would be quite difficult
for arbitrary values of kx and ky . However, since we are only interested in the
backscattered far field in air, a basic expression for the far field can be obtained by
using the Stratton-Chu integral as modified by Silver.4 When equations (33) through
(35) are evaluzted on the surface (z = 0) and placed into the Stratton-Chu integral,
the following equation for the scattered far field (.~f ) will result:

4.Silver, Microwave Antenna Theory and Design, Mdc.raw Hill, New York, 1947.
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2 cosO1 (Jko)eiJkOR
Ef ...- a A (kosin0, 0) + a Ay (kosinO1 , 0)

Sf ~~41rR 0YY0

+ #zA,(kosin0, 0) (49)

Where R is the distance from the origin of the coordinate system to the field point
where _9sf is required. It can now be seen that solutions for Ax, Ay, and Az are
only needed for values of kX = kosin0i and ky = 0. When the appropriate expressions
for the derivatives are substituted into equation- (45) through (48) and we let
ky =0, the 10 equations (39) through (48) become.

kxAX = k1 ZAz (50)

kXCx = k3 ,Cj, (51)

Ii
Ax= A +A 2 + 2jkzk (52)

A, =B 1 + B2 + 2 (53)2j k, k,2

,= k3 L AI + Aez (54)

C = ejk3ZL [B k;L + B 2 e "k L (55)

ik1 Ay =Jk'zB 1 -jk• 2 - 3
Z z 2k2  (56)

kkzAx +zkAk = k/Ak -k'A 2  + +kk 1

kk 2k 2)14
+ -- (Al -A 2 ) - (57)Skz kz'2
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-kzB 1 eikzL + k.B 2 elkzL = k31Cy e Jk3zL (58)

S~~~~A2 (k + kxkz ).e-JkzL.- A 1(kz3+k~kq)eSkL + kxfz(-L)

SkI 2eJ k3zL(kdcx -kxC) (59)

The quantities I1, 12, 13, and 14 used in the above equations are integrals in z and
are defined below:

11 = / f(z) [eik~z - e'Jk'zz] dz

-L

I2 =. h(z)1 eJk'zz - eJkZJ dz

13- *f h(z)[eJkz' + ejk'j dz

)ef(z) [k + eik'z] dz

-L

The functions f(z), h(z) and k'z can be evaluated at ky 0 , before integration
takes place. When all the above equations are used to solve for Ax Ay and Az
the following results are derived:

00

Ax(k1,o) blf(-L z) e + J f(z) d bseikzz

b-(

+ Z b+k e dz (0

4 f
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AY(kx o) kA2 kl=(l +"at + kf(l-•'I)

I ek &+i kz I dz

at + Idz (61)

A,(k., o) k= kI blf,(-L) + b2 fz(O) + f(z)

"[b5e~k'z + b6 eJkz] dz [ / k1 (62)

In the above three equations, k. is to be evaluated at kosinOi. The new quantities
introduced into the above equations are defimedbelow:

"= (k# - k3  L /2 JkL + k

= 3- -Ik 3

r 3 2 A 2)] -2jV 'L
[k3 ,(k + kk)+k '(k2 + k )]kL,)k (kzk e z Z

[k g(k. 3 + k'k')+kf (k12+kx2

k3zkx pj •l

k = k + k 2k")+k 2(k2+

': 3 = xk•k x-•- z 3z x•)

k1 2+(k 2  + k '2) k2
"= k i(ks +

•S"kl.(k 13 + k " k 2) (1 X 2)

12 2)/ 2

ift = a5 ,k: +a4 zkl)•
t7 kr(k2 + kx)(2jk a
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bl 2k1 (k 3 + kzk) 3 /a 8

b2 2t -kl Zkx(l +a'2)F8

b3 = i(1 +'a)/Zg

b4 = a5 / (2J 8 k'k2)

bs = b3 + b4

b 6 = b3 - b 4

If the receiver in the far field is sensitive to a unit polarization vector Pr, then the
received field (ER) will be

ER = e. - 93f

where -9r in general has three components (-e = axer, + 8yery + .Bzerz). The next i
step in calculating the backscatter coefficient is to determine the statistical average
of ER ER, using (49).

• 4k 2 cos2 i * *
<ERE> 40e e *< A A *> + 2Re~e e62R Xr Xr

l:Rk• 6w2 R2  erxerx <•x x > R~rxery

A• * ~ > 2

<: AA* > ] + 2 Reter er* < Ax A*> I + ery

* * < * *
<AyAy >+ 2 Releryerz AyA>] +erZrz

AxA:>.I (63)
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The brackets <- - - -> around ER E*R are used to indicate the calculation of the
statistical average. The poa.sibility of erx and eZ being complex is anticipated,
with . always being real. What is required now is the computation of each of the
six tNrms inside the brackets of (63). The determination of <A A*> will be con-
sidered first:

0 
0

<A A•* > - k2k* 2 MoM dz dz dx

-L "-L f

df -- dy f dy'< (I) (') >
"--

f(z, z') exp[-2jko(x - x')sin0ij (64)

where

< • (r) •*(£' >= (W2po•2,?2 +ko4 2)e-IXx- X I/Qxe..I y-y' I/Iye-lIzZ' I/Rz

f(z,z') = a a i2T*e e 1 zeD ; -, T a*V*eD Ze

122 12 12

+ •iT 2~T~eD e"Diz' + "r 1IT 2 V2 e~ Dz

+ "aT V2 T2 eD'2 z e-D 2 z' + Ii, V VVeD2z e-D'zD2ZD~l' a- ,VV*e.D2z e D Z'

+i T2T2*e'D2z e-Diz + T2 V* eD-2z e-DIz

1 22 122

+ T T* e-D2z e-z + T ev 2 z eD 1z

+ V 2 T2*e- eD2' + v2 V e-1Iz e-'z
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where

D, P1 + J(q -ks) and D2 = -(p1 + jql + jkz)

-1M 0 _ 2,

jka k (l1+a,) + kz(l -a,)

The form of f z, z') given above appears to be very complicated. However, each of the
16 terms in t(z, z') consist of simple exponentials in z and z' and therefore can be
integrated easily. It should be remember when computing D, and D2 that p1
and qt are real, but k', will be complex. Making the substitution that u = x - x'
and v = y - y' and transforming the x and y integrals into integrals in u and v
produces

<A A*> (W2,2?2 + k4In2)k'k: 2 M.M: dz

f dz' du idv f dx' f dy00

f(z,z') e"2 jk uslnO1 eIlu 1/QXe'IV I/RY eIze ' I I/z

(65)

The integrals in x' and y' appear somewhat meaningless. These integrals actually
represent the illuminated area in the xy plane, since it is physically unrealistic to have
backscattered energy from a portion of the surface that is not illuminated. Considering
the integrals in x' and y' to form the illuminated area (A,) and carrying out the
integrations in u and v will yield the following result:

42 = 4QxQyA((W2 'A2o + k4 -2 ")k2k 2 MOM:

<A AYi > 0 0
(I + 4k 2o£sin20i)

0 1f , l z- II/RZ
dz dz 'fzz)e" (66)
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Consider now a typical term of ?(z, z') which is of the form Aeaaebx' where A,a,
and b are not functions of z or z', and make a transformation of variables from
z and z' to n. = z - z' and z" - z'. Then, the results of carrying out the integration
for this one term becomes

0 '

f dz dz' Aeaz ebs'e" --

LfL

Aga l- fb + Rz(a+b)e 'L( + I Itz)-(l +Q,,a)e"L(a + b)

(a + b) (I + Rza) (I - Rzb)

+ I - a +a + (a + b)e"L('/RZ + b) _e-L(a + b) (I + bH)

(I + 2zb) (l-Qa)

When the answer for the integration in z and z' given above is used for each of the
16 terms in ?(z, z'), then the final result for < Ay A > can be written.

4Q R Q A W (~ 2 ) 2 , 4 ? 2 .k2 k4 2 M M*
< xAY*y>zi o I o2 o01 a 00

(I + 4k 2 x2 sin 2IO)

• An I lJ~zd+J~(Cn~n~eL(cn+ I/j~z) - l£~)e-L(cn +dn)

16 An I -Qzdn +2~c d)&(cn + d,/ 2'z) - (I +Rica)Lc ~
1: (cn +d.) (I + RzCn (I - Rzdn)

n 1 (67)

1-Qzcn + R Z(cn +dn)e"L(dn + I/Qz)-.-L(cn + dn) (I +dn RE)

(1 + Rzdn) (1- zcn)I

The values for the An's, the c.'s, and dn's are provided in appendix A and
",4nply come from the expression for ?(z, z'). Using the methodology for computing
<A A* >, one can caluclate all the remaining terms in (63). All of thuse other
terms are given in appendix A. An expression for the radar backscatter coefficient
(o) can be written in terms of < ERt E. >
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4OR2 < ER E*
o° = -- E (68)

The subscript v on oa is used to indicate a volume scattering result from a plane
layer of random medir. No consideration for rough surface scattering is given in C,.

Using (63) and the expression for the incident wave given previously, one can write
a final result for oa:

V (a a* + a a* + a3a) 3

e xerxerx %x + 2Reex erya y]

2Re [er, erz ax,] +e 2 ayy 2kcsin.0

SRe [ery erz 0,Y / kI Z + e rzer*. ot (69)

where

=

ax <•Ax A* > / A!

OIy y <• Ay A* •> / Ai

<A =A*>/A

Consider now the form of a* for horizontal and vertical polarizations. The following
parameters are used to describe a wave that is transmitted with horizontal polarization
and horizontal polarization is received.
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al = 0 e, = 0

a2  = I ry " I
a, e~ry 3

a3 = 0 e =, 0

For these parameters, the backscatter coefficient can be given the additional sub-
scripts of HH to indicate horizontal polarization transmit, and horizontal polarization
receive.

0o = 2 Q cos2 o / ((70)
Ol H v 0o y y

The case of vertical polarization transmit, vertical polarization receive can be char-
acterized as follows:

aI = cosOi eg cos

a2  = 0 ery = 0

a3  = sin es. : sini.

The backscatter coefficient associated with these parameters can be given the addi-
tional subscripts VV.

o = -')xx cos2 i + 2Re lax, cosOisin0]

+ az, sin 2o1 (71)

If a result is computed for the cross-polarized backscatter coefficient (HV or VH),
the term will disappear. The reason foi this is that the particular elements of the dyadic
M, which would yield cross-polarized terms in the mean wave, are all zero. Next,
let's consider the influence of an irregular vegetation-soil boundary.
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In this section, we will consider what must
MODIFYING THE VOLUME be done to equations (70) and (71) to include
SCATERING RESULTS TO IN- the influence of a rough pound surface. It is
CORPORATE TIhE INFLUENCE expected that the influence of the rough surface
OF AN IRREGULAR VEGETA- would be greater when the angle of incidence
TION - SOIL DOUNDARY is small. Also, as the vegetation height or density

gets larger, less scattering is expected from the
gound surface below. In what follows, the horizontal and vertical polarizations will be
considered separately.

Consider a horizontally polarized wave incident from free space onto a layer of vegta-
tion that has an avetage thickness L. The interface between the vegetation and %oil
will be considered as randomly rough in such a way that the tangent plane approxi-
mation is applicable. The radar backscatter coefficient (aH H ) will be considered as
the sum of a term resulting from surface scattering and a term resulting from volume
scattering.

%H = (HHS + (72)

In equation (72), oH H S represents the backscatter coefficient for a randomly rough
surface with a guassian distribution of surface heights. The subscript s indicates sur-
face scattering. The quantity al H & is multiplied by a decaying exponential in which
N I is the imaginary part of the e ctive propagation constant and 0. 1 is the true
angle of refraction for the mean wave in the vegetation. The second subscript I on
c; I and 4e is used to indicate horizontal polarization since these parameters will
have different values for vertical polarization. The effective propagation constant
(ke I) can be obtained from kh.

k 2  = P2 + k2 2 + k2 sin 2o
61 Gc " h I

If we now let keI = Pei -jo,,1 and in place of kh we put jp, -ql, then we can
solve for Pe.1 and ot.

p, o /2)

pv' sin 1• /2)
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Where peI and 0. I are defined below:

Pa a 14p2q2 + (q2 + k sinle,-P 22 "

".1 " tan'1 ) + 2piq -

The planes of constant phase for the mean wave in the random medium are used to
calculate an expression for sec** 1.

sec 410, /k' ,sin8 i + p~j(Pe, cos7y1 -- e, sin-f ,

p, (fl6 cos7t -a*,sin*1 )

Where p, and 7y are gven below:

P = )a~ b2Sin4 a + P - (A 2a_-b )sin2 ij 2

S ' [ 2&btnsin 2 0 ]
7 1 = 1i ta - I _ (a 2 - b ')sin 201

ko Pal ko Olee I
____ _bI_ - e Ic + 2a= 2 + bl 1 +

Many derived expressions are available for the backscatter coefficient from a randomly
rough surface using the tangent plane method. The following equation will be used:5

S- __1 -I l-n2 0 [2(1 -gocos 2
*"as - 4m2 cos4 0 0,

- sin 2  al(I +go)] I exp [-tan 01 /(4m2 )J (73)

5 R. A. Hevenor, Backscattering of Slectromasnetic Waves From a Surface Composed of Two Types
of Surface Roughness, U.S. Army Engineer Topographic Laboratories, Fort Belvoir, Virginia.
FTL -TR-71-4, October 1971, AD-737 675.
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The quantity R. in (73) represents the Freanel reflection coefficient and can be
computed as follows:

0 3, csi 1 -'3fl1  *12

PlCOS 400I + T: PT.,~~ sin 2 O',

In calculating R., we have neglected the effect of the imaginary parts of the pro-
pagation constants. The term m. represents the ratio of the standard deviation of the
surface fluctuations to the correlation distance. The quantity g1 is defined by the
following expression:

Slcos

A final equation can now be written for ao H that considers both the volume-scat-
tering and surface-scattering effects.

0  
1 - sin2 [2(1 -g COS2

H 4mH cos4  61 I

t-sin2 eI( o) exp [-tan2 0. z/(4m A]

2 a O2
•exp[-4ca, L sec V°t] + k1c y cos9i/Wr (74)

In the same manner, a complete solution for vertical polarization can be obtained:

r2  ( rsin
0V = 2 + 2 4 [2r.sinno 24m cos 012 0

+ r. s COSe2] + ------- in ;. COS 0
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exp [-tan2 e2/ (4m,)] exp [-4 a,2 L sec ;e2 ]

(75)k2 co201
+ k 0 Xx cos 2 01 + 2Re [cosO1 sinOi az + otz sin 2 oi

X XZ

The new quantities introduced into the above equation are defined below:

Pe2 P' 2 COS( 0 e2/2)

e2  pe 2 sin (•2/2)

The quantities P.2 and 0e2 are given as follows:

Pc 2  = 4p2 q2 + (q2 + k 2 S2 - PS22o 22

P2 2 2Os2 2 - ae2 smn7 2 )

I2~ ~~22 q2 • in0]21

p2  t4a~b2sin'O 1 + Q 1 - -an~ 2

"/22 0 2zt "

4bi +I - (a 2-bssinO i]

where a2 and b2 are
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ko §e 2 ko e2
a 2 = 2 012 b2 P2 012

Pe2 +e2 e2 e2

p c°S.2 -O 0 e 2  7 v" -2 sin2 e2

13 COS 'e2 + .2 1133 - Pe,2 0 •e2

2 P1~32 CSi 0 2  2j3 sin 2

0 11-3 0e22s+n0,'e2 P32cOs Pe2 e2-

Equations (74) and (75) are the final results for the radar backscatter coefficient
for horizontal and vertical polarizations. Before the results of computing equations
(74) and (75) are shown, an elementary vegetation permittivity model must be
developed that relates some of the model input parameters to the con- :)lex dielectric
constants of vegetation and water.

To determine the influence of various
DEVELOPMENT OF A VEGETATION vegetation parameters (such as moisture I

PERMITTIVITY MODEL content) upon the calculation of the
backscatter coefficient, one must relate
some of the permittivity parameters in

the scattering model to the physical parameters of the vegetation. Peake and Oliver's
model6 will be used to calculate the relative complex dielectric constant of vegetation
(g ):

ev= (F/2)Re[ 9,] + j(F/3)lmI[ E-

6W.H. Peake and T.L. Oliver, The Response of Terrestrial Surfaces at Microwave Frequencies, Technical Report
AFAL-TR-70-301, The Ohio State University, Electroscience Laboratory, AD-884 106.
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where F is the fraction of water by weight in the vegetation; Re[ Pw and Irn[ P ]
are the real and imaginary parts of the relative complex dielectric constant of water
(CW ), which can be written as

75•w= 5 +
i + j( 1.85/X)

where ?, is the wavelength in centimeters. For particular values of X and F, we can
now compute V". With a knowledge of C,, one can estimate the average relative
complex dielectric constant (Vi) by using the following

ea (Vv •V + eA VA)/VT

= Re['"l] -w ff - eo(.+.) Im( 'e)

where Vv is the volume occupied by the vegetation; VA is the volume occupied
by air; VT is the total volume equal to Vv + VA; EA is the relative dielectric
constant of air, assumed equal to 1. The variances 1? and 1 can be computed
by using the following formulas:

2 V V~(e - e,)2 + VA(eA -el)2

VT

2 V I -a) + VA aa
1 = VT

where

UV =-Co FIm[ew ]/3 and e' = Re[Fey

The symbol Rv shall be used to designate the volume ratio VV / VT.

The developed model for the radar backscatter coefficient is now complete and cal-
culations can be made. In the next section, computed results will be shown, and the
theory will be compared with some existing experimental data.
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DISCUSSION OF RESULTS

In this section, some numerical calculations will be shown for the theory derived in
the previous section, and a study will be presented of the influence of the vwrious
input parameters on the backscatter coefficient. Two computer programs were de-
veloped for solving equations (74) and (75). One program solves for equation (74)
and the second solves for (75). The solutions to the half-space and plane layer prob-
lems are also generated for comparison. A listing of the computer program for solving
equation (74) is given in appendix B. The 10 input parameters to the programs are

I. Fraction of water by weight in the vegetation ( F )
2. Volume of vegetation divided by the total volume ( Rv )
3. Correlation distance in the x direction ( Rx )
4. Correlation distance in the y direction ( ky )
5. Correlation distance in the z direction (.Q, )
6. Mean thickness of the vegetation layer (L )
7. Relative dielectric constant of the soil below the

vegetation ( e3 )
8. Conductivity of the soil below the vegetation (a 3 )
9. Frequency ( f )

10. Ratio of the standard deviation of the rough surface
fluctuations to the correlation distance of the
fluctuations ( a ,).

The output of the computer programs is the backscatter coefficient in decibels as a
function of incidence angle. The backscatter coefficient in decibels is related to the
backscatter coefficient as follows:

ao (in decibels) = 10lOgl0o°

The backscatter coefficient on the right side of the above equation is computed by
(74) or (75). The following discussion centers on figures 2 through 30, which show
the results of computing equations (74) and (75). Figures 2 and 3 come from
Ulaby and Bush and provide pertinent ground truth data associated with the experi-
mental measurements. Figure 4 comes from Cihlar and Ulaby 7 and provides a re-
lationship between soil moisture and relative complex dielectric constant. Figures 5
through 15 provide a comparison of the developed theory with experimental data
taken from a cornfield by Ulaby and Bush. 8

7F.T. Ulaby and T.F. Bush, Corn Growth as Monitores by Radar, The University of Kansas Center for Research,
Inc. RSL Technical Report 117-57, November 1975.
8F.T. Ulaby and J. Cihar, Dielectric Properties of Soils as a Function of Moisture Content, The University of
Kansas Center for Research, Inc., RSL Technical Report 177-47. November 1974.
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Univeity of Kaws Center for Re•arch, Inc., RSL Technical Report 177-47, November 1974.

Figure 4. Representative Dielectric Constant Values as a
Function of Volumetric Water Content.
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The soil moisture is obtained from figure 2 for a particular set of measurements per-
formed on a given date. This soil moisture is used along with the curves of figure 4 to
determine the relative dielectric constant and the conductivity of the soil. Throughout
all comparisons of theory with experiment, it has been assumed that the soil type is
a loam. In comparing theory with experiment, remember that certain input parameters
to the theoretical model were not known and had to be estimated; whereas, other
input parameters were known from the ground truth data collected during the ex-
periment. The unknown input parameters are RV, I X, RY, RZ and ms-

In figure 5, the theory is matche.d to the experimental data for corn that is at a height
of 30 centimeters. The large rise that occurs in a* as 0i goes from 100 to 00 is
indicative of a rough surface effect. In this case, the rough surface is quasi-specular
since ms is given such a small value. It can be seen that to match the theory with the
experimental data, it was necessary to let Rx be different from Ry and to let RZ be
much smaller than Rx or Qy. The fact that RX is different from Ry shows an
anisotropic effect in the horizontal plane, which probably arises from the corn being
planted in rows.

Figure 6 matches the theory to experimental data for corn that is 2.3 meters high. It
can be seen that a good match is obtained for RX equal to RY, indicating that the
anistropic effect in the horizontal plane has essentially disappeared for 8.6 Gltz. The
values of the parameters used for RV, £VX, Iy, IZ, and m8 in figure 6 are also used
in figures 7 through 10 to determine whether the model could provide a correct
prediction of o° for different values of F, soil moisture, and vegetation height.

Figures hrough 9 show an excellent agreement between theory and experiment.
Figure 1L0 shows an excellent agreement between theory and experiment for angles of
incidence equal to and greater than 300. For angles of incidence less than 30', the
agreement is poor. A possible reason for this poor agreement may be due to the rainfall
that came prior to the August 15th measurements. The rainfall could have disturbed
the soil surface in both a physical and an electrical manner such that its scattering
behavior is no longer predictable from prior values.

Figures 11 and 12 show an attempt to match the theory to the experimental data
for frequen 0-s of '"Hz and 13 GHz. It can be seen that to obtain a good match,
the "y. y must be altered from the values used at 8.6 GHz. This
seems to indicatt that as the frequency goes higher, the vegetation medium becomes
more complicated and the anisotropic behavior becomes more pronounced.

44

A



2

*1

mr�
0

2

t4 B

�

�o

�II 0
4.o U..-

0

x g

E
0

�

0
'4.4

0a
* � i4.4

0

*1
x 0

-w

.0 in

.5 a

a

0 0 _

o 0 - 24..' - I

sjsqpP uj 0D

i

45 I



a
'S.

9
I'.�

N 0 0
C

It2'�oo

0

.�- EflU�
2

-�

II I 'I
�00aE� &eo � e

II II II

t�0 1�.L. � U 9

o

Uo 2

'e.g

� I
o g
'.� 0
o 0U

C

a

a C 0 0 C
- f.4I I

�j�qp�p II! *D

46

I

I _____



I. ,

10

.00

0' 0

it if

Iz. cl

'3m

spqpap 0q0

47 G



r4J

~~en

484



2 a
2

'I,

x
�
�

�II
0 2>
*� �"�r2 .9 So 0%

II

I'liii �.g 1 1
� 2

2
x �ji

0
�6�

2
'I 0 p

x
p

I.
0

-'S

X

0
0 0 0 0 9 a
M - 7 4.

spqpp u� �D

49
4

a -,--------,'.-..�..



Wi

ES

cm

E za

It.b.
6C

'JA

6 ,
-?

qaltaop Ul o0

0o

6



0 .0
60 2-

e4.

olqopi

N5



00
*o 0t

ONI

o 0o

N di

qaia oullo

0A



00

~ r-

Cd0 X

> rq o

N% >

~ ~ '0

34 E

40

x M

!q-" U!

53



In figures 13 through 15 a match is shown of the theory with experimental data for
vertical polarization. For all three curves, 2. must be made unequal to £y to obtain a
good match. In figure 16, the variations are shown in the experimental measurements
of a', which can occur throughout the spring and summer for alfalfa. Large variations
in the backscatter coefficient occur prior to and after harvesting.

Figure 17 presents a study of sensor-look direction with respect to vegetation planted
in rows. The two parameters o± and o[ .-represent the backscatter coefficient when
the look direction is perpendicular and parallel to the rows, respectively. We see that
when 0, equals zero degrees, oa and oal are equal. However, for 0, greater thanzero degrees, oj is greater than -oil. The iheoretical results agree only partically with
the experimental results given in figure 18, which comes from Batlivala and Ulaby. 9

Figure 19 provides a study of backscatter coefficient versus layer thickness for two
angles of incidence. For the 0i equal to zero curve, the solution for uo with a rough
layer differs from the half-space solution by approximately 16dB (decibels) for a
layer thickness of 0.5 meters. As the layer thickness is increased, the solution for o°
at Oi equal to zero, approaches the half-space solution. The 0i equal to 200 curve
also approaches the half-space solution when the layer thickness is increased. In this
case, uo differs from the half-space solution by only about 3.5dB when the layer
thickness is 0.5 meters.

Figure 20 presents a study of the skin depth of the mean wave versus incidence angle
for three different frequencics. For a horizontally polarized wave, the skin depth is
taken to be the reciprocal of pI, which was derived earlier as part of the solution to
the Dyson's equation. It should be remembered that the mean wave decays for two
reasons, absorption and scattering. For a frequency of 8.6 GHz, the skin depth goes
from approximately 5 meters at 0i equal to 00 down to 1 meter at 0i equal to
800. When the frequency is increased, the overall level of the curve is lowered con-
siderably, but it does not drop off as fast with increasing incidence angle.

In figure 21, the solutions are compared for the half space, the plane layer, and the
layer with a rough surface. For angles of incidence between 0° and 300, the rough
interface at the vegetation soil boundary can have a dramatic effect on 00. In this
case, it is clearly not sufficient to use a plane layer model.

9P.p. Batlivala and F.T. Ulaby, The Effect of Look Direction on the Radar Return From a Row Crop, National
Aeronautics and Space Administration, Lyndon B. Johnson Space Center, Houston, Texas, RSL Technical Rcport
264-3, May 1975.
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Crop Type: Hybrid of Sorghum Crop Type: Hybrid of Sorghum
Planted in Rows Planted In Rows

3 Polarization: NH Polarization: MH
Frequency (GHz): 2. 75 Frequency (GHz) 5.25
Data Set: 1 Data Set. 1
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Direction (...Direction _ _
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SRow- SOURCE: P.P. Batlivala and F.T. Ulaby, The Effect of Look
00 Direction Diection on the Radw Return From a Row Crop,

.-4- National Aeronautics and Space Administration,
Lyndon 6. Johnson Space Center, Houston, Texas

RSL Technical Rerort 264-3, May 1975.

"__3

-x Figure 18. Scattering Coefficient a' as a
Function of Incidence Angle at (a) 2.75GHz,
(b) 5.25GHz, and (c) 7.25GHz. Data set

-16 * 1, July 16, 1974.
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In figures 22 through 30, a sensitivity-of-parameters study is presented. In this
study, the input pammeters are varied individually to determine the overall effect on
the scattering coefficient. In figure 22, a study is provided of oa variations with F
(the vegetation moisture content). When 01 is greater than 20, the larger values of
F produce higher levels of oa, The shape of the o° versus 0i curve does not change
much, but the overall level is significantly different. At approximately 01 - 10%,
a crossover of the curves exists such that the curve with the highest moisture content
now yields the lowest value of a*. The reason for the crossover is that two entirely
different mechanisms are responsible for scattering. For 01 greater than 20W, the
volume-scattering mechanism dominates so that higher moisture in the vegetation
results in larger backscatter values. However, for angles of incidence 01 leos than 100
when the mechanism for scattering is dominated by the rough surface under the
vegetation, the higher moisture values result in lower oa values. This is because the
higher moisture values provide more attenuation of the mean wave, which means that
less is available for scattering from the rough surface.

Figure 23 presents a study of oa variations with the parameter Rv. The smaller
value of Rv yields a larger o° value for small angles of incidence. This is again
because ro'ugh surface scattering dominates for small angles, and smaller values of
Rv mean that more energy gets down to the surface. A crossover occurs at approx-
imately 0i = 15° where the volume scattering result begins to dominate. Another
crossover occurs between 01 = 400 and 0i = 500 such that for angles larger than 500,
a* falls off faster for the larger value of RVv. The reason for this second crossover is
possibly because that for the larger value of RV, the lower interface between the
vegetation and soil no longer provides a contribution for backscattering.

Figure 24 presents a study of oa variations with L (the mean thickness of the
vegetation layer). For small angles of incidence, the smaller value of L yields larger
values of oa. The rou&i• surfice below the vegetation is dominating the return and
the smaller value of L provides a lower attenuation, thus making more energy avail-
able for scattering from the surface. A crossovcr point occurs around 0; = 120, which
indicates that volume scatte.ing is now beginning to dominate and so the thicker
layer will yield a larger' value of oa. Another crossover point occurs at approximately
Oi = 670. This crossc-er point possibly indicates that for L = 2 meters, the lower
interface is having no influence, but for L - 0.5 meters, the lower interface still
provides a contribution.
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Figure 25 shows a study of o° variations with soil moisture. The soil moisture in-
fluences both the dielectric constant and the conductivity. The effect is shown of
doubling the soil moisture underneath a !-meter layer of vegetation. Thus, doubling
the soil moisture content increases the level of o° slightly over all angles of incidence.

In figure 26, a study is presented of o° variations with frequency for two angles of
incidence. We see only a slight frequency dependence at 01 = 100, because the rough
surface scattering is independent of frequency except for the attenuation portion.
At 0i = 300 where volume scattering is playing a more important role,we see a very
significant frequency dependence.

In figure 27, oa variations with the parameter m, are shown. This parameter re-
presents the ratio of the standard deviation of the rough surface undulations to the
correlation distance. The most specular surface (mi = 0.04) yields the highest value
of o° at 0i = 0°. However, for this surface, a* falls off very fast with increasing
incidence angle so that at 01 = 20°, the rough surface effect has disappeared. When
M, is allowed to increase, the value of o° at 0i = 0' decreases. Also, as m, increases,
the rough surface influences oa over a larger range of incidence angles.

In figure 28, oe variations with RX are shown. Notice first that a change in RX
yields virtually no influence upon a* for angles of incidence less than 100. For
angles of incidence greater than 10°, the curve associated with the larger value of
RX is higher until a crossover point is reached around 01 = 480. For angles of in-
cidence greater than 480, the curve associated with the larger value of Rx falls off
much faster than the curve associated with the smaller value of Rx. Increasing the
value of Rx will then move the curve upward for angles of incidence less than about
500, but will lower the curve for angles of incidence greater than about 50'.

In figure 29, a* variations with £ are shown. Once again, nutice that a change
in £Y has virtually no influence on ao for angles less than 100. For angles of in-
cidence greater than or equal to 200, an increase in 2y results in an increase in
00. Therefore, increasing £y simply increases the level of the curve for angles equal
to and greater than 200.

In figure 30, oa variations with £2 are shown. For angles of incidence less than 100,
changes in 2z have no influence on a' owing to the dominance of the rough surface.
For angles of incidence greater than 20', increasing the value of £z simply increases

the overall level of the curve without changing the shape. It can be seen that the oa
curve is sensitive to slight changes in £R. A change in 2z of only a fraction of a
millimeter produces a significant change in oa. This sensitivity may make any attempt
to determine 2. in a rigorous experimental manner very difficult.
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This section concludes with a brief discussion on the limitations and difficulties en-
countered in developing the theory presented in this report. It appears valid to simulate
a region of vegetation with a continuous random medium, although it is not certain
as to how well the first-order renormalization technique does in solving the problem.
It is not clear how much multiple scattering is being considered, and it is not even
clear as to how much multiple scattering must be considered. A free space dyadic
Green's function was used in solving the Dyson's equation; however, what should
have been used was a Green's function applicable to a layered problem. Such Green's
functions are very complicated to develop and work with. Also, it is not clear how
much the final result will change if a more complicated Green's function is used.

An equation for the radar backscatter coefficient o° was developed by first obtaining
plane wave solutions to the Dyson's equation. Expressions were found for the z
component of the effective propagation constant for both horizontal and vertical
polarizations. The mean wave was then used to calculate the scattered wave, which
in turn was used to compute oe. The final result for o' indicated the necessity to
develop a permittivity model that would relate some of the permittivity parameters
in the scattering model to the physical parameters of the vegetation. This was accom-
plished with only limited success since a rather elementary permittivity model was
used. The final result for oa still contained five input parameters that were unknown.
The five parameters are Rx' Ry, RV RV, and mi.

Further work in this area should attempt to determine correlation functions and
distances, as well as Rv and ins to relate clearly theory and experiment. An aniso-
tropic correlation function was used; however, this did not result in a depolarization
term. The existance of depolarization is clearly evident from the experimental data.
The reason for this depolarization is, as yet, unknown. A depolarization term could
be obtained by computing the scattered field to a second-order approximation. It
could also be obtained by initially allowing for an anisotropic random medium. At
this time, it is unclear which approach is correct.
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CONCLUSIONS

I. For certain types of vegetation, such as corn, the irregular vegetation soil bound-
ary dominatos the backscattering resultc for angles of incidence between 0 and
20°. Any remote sensing of surface phenomena beneath vegetation should be
done in this asigular range.

2. The effect of the rough surface boundary between the vegetation and soil
increases with decreases in frequency, vegetation moisture content, vegetation
volume, and layer thickness.

3. Increasing the soil moisture content increases the level of the o curve slightly.

4. Using different correlation distances in x and y does not completely explain
the effect of look direction on scattering from a row caop.

5. The ro curve versus incidence angle curve is sensitive to very slight changes
in the correlation distance in z.

6. The predictability of the a* curve is dependent on meteorological phenomena,
such asrain.

7. The correlation distances and the vegetation volume ratio do not stay constant
throughout the entire growth cycle of the corn crop. However, once the crop 4

matured, these parameters remained fairly constant.

8. Because different correlation distances were required to match the experimentul
data for horizontal and vertical polarizations, a more correct model for the
vegetation may be an anisotropic random media model.

9. The predictability of the oa versus incidence angle curve depends upon a very
detailed knowledge of the dielectric fluctuations of the vegetation and the sur-
face roughness properties of the soil below. However, such knowledge for
particular vegetation features does not exist at the present time. This detailed
undorstanding should be obtained if theoretical models are to have ultimate
usefulness in predicting scattering from vegetation features.
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APPENDIX A. Definition of Terms Involved in Computing

Repeating equation (67) produces

42 2 I2 )A1 21?2 + k4 2 )k 2 k: 2 M M

<A AA> - . . 0. 2  0 .1.a 0 .
< AYA; >(1 + 4k 2R2 sin 2 0 )

16 A l-Qzdn +z(cn +dn)e-L(cn + 112 - (1+ zcn)e-L(cn + dn)
" E (CA + dn) 0I + fzcn) 0I - £,•dn)

I-- ZC A+ 2z(CA +dn)e"L(dn + I/Qz)' -eL(cn + d) (1 +dngz)
(1 + zdn) (1- 2&Cn)

The values for An, C and dn are defined below:

A1  ="I TT cT - D d = D
1 1 22 1

A 2  = *•c D= d = D2

A3  "1 1 T2T2 C3 = I d 3  -D;

A4  = TV2 4 = 1 4  =-D*

A5  1aV2a* T; c = D2 d = D•

A6  aiaVV c D2 d D;
6 11I2V2 6 262

A7  =iV 2 T; c7 = D d =-D71 2 272 7 2

76

.7.



A8  IVV* c8  DdDd Do

A9 = aT 2 T2 T 10  D - D

A10 = 2T V; 2- 0 dio a D;

A1 2 = T2V c12  -D 2  d12 =- D

22 2 1221

A v3 V~T* C1  -D d213 2 V 2 13 1 13

A1 4 = V2V c 1 4  - 1  14 D2

A15 =VT2 c1 -D 1  d15 = -D*

A1 6 =VV2 c 1 6  - I d 1 6 = -D;

A basic expression for < A A: > can be written as follows:

40 xQ 9 Al(Cj2 $A2 ?1 + k o~4 2) •_

<AA> A:>
(I + 4k00 sin2 d1>

16 "y~L(3 n + l .z (1 + + yIn)

-..A-n I - .z + Yo n +-n)e 0 +Qz gn )e"'

+ - Rz/n + z( Pn + yn)e'L(Pn + 7n) (1 +7ny z) $
(1 i•3n) (l-Rz Pd)
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Before giving the values for A A., and 7n, the following purameters are defined:

D' P2 jq2 -jk'

D'2 = -(P 2 +jq2 +jk')
=~~ ~ 2 28ino) Tkkzsn

h= b6 [T 1(k:-~l 2
1 -kokkui-~

h2  b6 [VI (k:-~i 2
1 - Vkkos -~

h3= b5 [ 1 ( 2k sin20| + Tskok3z sin9i]
= b [V 1(k-k'sin'91 ) + V3k k, sinO]Ih bj IVI (it - k sn +Tk 'sn

The values of .An, Pn, and -y,7 will now be written in terms of the above parameters: I
-A. = h h-1 = D' 71 = D1

.SI

- 2 =h; 1  P2  = D72 *

"A.3  = hlh �P 3  = D1  73 = D -

A 4  = h4h- P4  = D74 D

1 74

-A 5 = h 2h- P = D7 D

2 I5

-A.6 =h 2h2  P6  = V76 D2

-A- = h2 h; = D7 -D 2
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2 21

= hoh 09 D'

-A-9  - h3 h 0, =-D 2  79 =

.toA1 2 10O D710 D

= h3h 04 =-D'2  =-

"A 1 2 = h3h 02 = - 712 = -D

-A 13 ="h 4h; 013 =- D 7'3 = D

"A 1 4  h4 h2 4 = - D 714- 2

h~A5 = h= -D = -D"

A. 16  4h4  -IDt ^16 6 D

The basic equation for <A A* > can be written as i

-4R2Ry R£Al((w2 22 + k-2 , )k* 2 M
<xx : = z 2 0.1

S(1 + 4ko R sin 2 01)

16 Pn I -zpn + Qz(vn +,))e'L(Vr! /92) -(14• ,vxn)&'L(Pn + Pn)

(p (n + n)l) (0 +2 £zp) (I - zPn),

-I -zn +pn)e"L(pn + /Rz) -e"L(Vn + Pn) (I + n z

0 + (zPn) (1 -+p•z
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The values of P n Pa, and vP. can be defined in terms of previous paramexter.-*

V =D, = D
PI h I'~ T

-I V 
,P

2 
-- D÷P2 = "* V I

p =hT* 2  
= Dp 3  =-D

p3 hV*T 4  
pD =-D 1

P*= *V v4 ' I *4 •

Dy = DI
P 5  hT v2 =D 2 T 2

" • 2  
6 V2 

=P

6 2

P7  = h 2T 2  
= .p 7

i
D2 = D*2

=hV- h.a.T v9 = D2 P9 -,o

11 
7

7 ~224 PI = h V * 1J =- D2 Pa DI

-* ~D*

p 9 3 1 2 9-

h 4 v;-=D-

PIl h3T1; 2i 10 D PiO

8 0 P' I D-

DI
P12 = h3V2

, h , 
-T 

2 3}1

11

P P14

p h 

'D



PS h4 T 2 P -5 D2P1

P h
P16  h 4 V 2  v16  -DI P16  j

Expressions for <A~ A* >, and <A~ A~' > can be obtainedntemofpviu

results.

k 2sin 2O 0

x z <A A >

II
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APPENDIX B.4

Comute Pognnsfo Calculating the Backacatteuing Coefficien ts :
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UST OF SYMBOLS

r Position vector

e (r) Permittivity of the random medium

o (L) Conductivity of the random medium

eA Average relative dielectric constant of the
random medium

Average conductivity of the random medium

Standard deviation of the dielectric fluc-
tuations

Standard deviatioj, of the conductivity fluc-

tuations

L .Mean thickness of the vegetation layer

k3  Complex propagation constant in the soil

Oi Angle of incidence

ko Free space propagation constant

r (r, r') Infinite space dyadic Green's function I
<_ (L) > Mean wave in the random medium

Go (_1, r) Infinite space scalar Green's function

E (Scattered electric field in the random
medium

6 (..-L') Three-dimensional Dirac delta function
equal to 6 (x-xx) (y-y')6(z-z')

SI Unit dyadic

a-a _ay, za Unit vectors in x, y, and z

I11

|I I
¾... . ... .. _........ . . .. .• . i2 -

: • - '•i •', '" • ,.: ;; . :" • '



kx ky FourJr transformn variables

Kronecker Delta

kex, key, keg Componer.t s of Cie effective propagation
constant

kh Value of keg for, horizontal polarization

kv Value of keg for vertical polarization

91 (At z) Two-dimensional Fourier transform of the
scattered electric field in the random me-
dium

Ax (k,, kr) A (kx9 k~) AI(kx, k) Fourier transform of the amp~litudes of the
scattered electric field in air

A[ Illuminated surface area

RX RY RZCorrelation distances in x, y, and z, re-

Backscatter coefficient for volume scattering
and for the case of horizontal polarization
transmit, horizontal polarization receiveI

Gý V VBackscatter coefficient for volume scattering

transmit, vertical polarization receive

HH. Backacatter coefficient for a randomly roughI
% H surface for the case of horizontal polar-

ization transmit, horizontal polarization
receivej
Final backacatter coefficient result that

HH includes both volume scattering and rough
surface scattering for the cane of horizontal
polarizationi transmit, aorizontal polariza-
tion receive
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vv includes both volume scattering and rough

surface scattering for the case of vertical
polarization transmit, vertical polarization
receive

F Friation of water by weight in the vege-
t¶&tion 4

Rv Volume of vegetation divided by the total
volume

f
ms Standard deviation of the rough surface fluc-

tuations divided by the correlation distance

f Frequency

I
I
I

1I
iI

f,
&
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